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ABSTRACT

The nuclear waste package design for Yucca Mountain (Nevada, USA), in its current configuration,
consists of a double wall cylindrical container fabricated using a highly corrosion resistant Ni-based Al-
loy 22 for the outer barrier and type 316 stainless steel for the inner structural vessel. A mailbox-shaped
drip shield fabricated primarily using Ti Grade 7 will cover the waste packages. The environmental deg-
radation of the relevant materials have been extensively studied and modeled for over ten years. This
paper reviews the state-of-the-art understanding of the degradation modes of Alloy 22 (N06022) due to
its interaction with the predicted in-drift mountain conditions including temperature and types of elec-
trolytes. Subjects discussed include thermal aging and phase stability, dry oxidation, general and local-
ized corrosion, stress corrosion cracking and hydrogen induced cracking.

Keywords: Nuclear Waste Repository, Yucca Mountain Project, N06022, General Corrosion, Localized
Corrosion, Stress Corrosion Cracking, Dust Deliquescence

INTRODUCTION

Radioactive materials are extensively used in a variety of applications such as medical, weapons, and
power generation. Once these materials lose their commercial value, they are considered radioactive
waste. Broadly, the nuclear wastes can be separated into defense (e.g. weapons) and civilian (e.g. power,
medical). ' The safe disposal of radioactive waste requires that the waste be isolated from the environ-
ment until radioactive decay has reduced its toxicity to innocuous levels for plants, animals, and hu-
mans. One type of nuclear waste, denoted high-level waste (HLW), contains the highest concentration of



radiotoxic and heat-generating species. Because of this factor, the most stringent standards for disposing
of radioactive wastes are being placed worldwide on HLW, and the majority of the radioactive waste
management effort is being directed toward the HLW issues. One of the most common types of HLW is
the spent fuel (SF) from commercial nuclear reactors for power generation.

All countries currently studying the options for disposing of HLW have selected deep geologic forma-
tions to be the primary barrier for accomplishing the isolation. > It is postulated that due to the nature
of these geological sites, the waste will be contained for long times, without spreading, for example,
through water flow. Most of the repository designs also plan to delay the release of radionuclides to the
environment by the construction of engineered barrier systems (EBS) between the waste and the geo-
logic formation. The principal engineered component in this multibarrier approach is called the waste
package that includes the waste, a stabilizing matrix for the waste (the waste and the matrix are together
termed the wasteform), and a metallic container that encloses the wasteform. Beyond the metallic con-
tainers, other barriers could be added to attenuate the impact of the emplacement environment on the
containers. These barriers include, for example, the drip shield proposed in the U.S. design or a ben-
tonite backfill proposed in several European designs. > The waste container may be a single vessel, but
current designs generally call for concentric double walled vessels of dissimilar metals. Each vessel will
have a specific function. For example, the container that directly holds the wasteform may be designed
to shield radiation and facilitate safe waste handling and emplacement operations. This container may be
over-packed with a corrosion-resistant outer layer.

In the U.S.A., the Nuclear Waste Policy Act of 1982 (as amended in 1987) designated Yucca Mountain
in Nevada as the site to be characterized for high-level nuclear waste (HLW) disposal. Besides the mate-
rials degradation considerations, there are many other components in the Yucca Mountain Project
(YMP) integrated modeling of the repository performance. The relationship of waste package and drip
shield performance to the other components is illustrated in Figure 1. * The nuclear waste package de-
sign for Yucca Mountain, in its current configuration, consists of a double wall cylindrical waste pack-
age fabricated using a highly corrosion resistant Ni-based Alloy 22 for the outer barrier and type 316
stainless steel (equivalent to Type 316 Nuclear Grade) for the inner structural vessel. A mailbox-shaped
drip shield fabricated primarily using Ti Grade 7 will cover the waste packages. The purpose of this pa-
per is to review the state-of-the-art in the studies of interaction between the in-drift environmental con-
ditions and the Alloy 22 outer barrier of the container.

EXPECTED ENVIRONMENTAL CONDITIONS IN THE REPOSITORY DRIFTS

For the YMP repository design, the drifts where the waste packages will be installed in the mountain
will operate in three temperature regimes: (1) the Dryout Regime, (2) the Transition Regime, and (3) the
Low-Temperature Regime. Drift walls will first be dried by ventilation air during the pre-closure pe-
riod. During the post-closure period, heat generated by radioactive decay will eventually increase the
temperature of waste package, drip shield, and drift wall above the boiling point of water. In this dryout
regime, no aqueous phase corrosion due to seepage is expected since seepage into the drift is prevented
by the vaporization barrier effect. However, depending on the surface temperature and relative humidity
conditions, the existence of liquid phase water on the waste package or drip shield is possible due to the
presence of a dust or salt deposit. In the presence of such a deposit, a thin film liquid phase can be es-
tablished at a higher temperature and lower relative humidity than otherwise possible. Thus, formation
of deliquescent brines in the absence of seepage may occur. Corrosion of the waste package and drip
shield should be considered in the context of these solutions.
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Seepage into the drifts will become possible as the waste package cools into the so-called transition re-
gime where the temperature of the drift wall drops below the boiling point of water, while the waste
package surface temperature is at or above the boiling point of the water. Seepage waters will undergo
evaporative concentration on the drip shield surface or the waste package surface at the time when the
drip shield seepage diversion function is lost, thereby evolving predominately into either carbonate- or
sulfate type brines with a much lower probability of forming calcium chloride type brines. The drip
shield will mitigate seepage effects on the waste package and is expected to last through this period, un-
less there are low-probability seismic events that would shorten its performance lifetime. However, as
in the dryout regime, formation of deliquescent brines could also occur in this regime.

The low temperature regime begins when the waste package surface cools to a temperature below the
boiling point of water while the in-drift relative humidity increases, thus reducing the concentration of
evaporative seepage brine solutions. With further cooling, the temperature will drop to below the
threshold for localized corrosion for the repository-relevant environments. This threshold temperature is
a function of the concentration of beneficial ions, such as nitrates and sulfates.

Figures 2 shows a representative time-temperature and time-relative humidity profile for a variety of
waste packages (located near the center of the repository) in the three operational regimes and thermo
hydrologic variables for the “hottest” waste package in the low-probability seismic collapsed drift sce-
nario based on the current design. *

Earlier corrosion test studies on YMP focused on the carbonate type brine, based on reasoning that so-
dium carbonate type waters, as typified by J 13 well water from the saturated zone near Yucca Moun-
tain, were the expected types of water at the repository. “’ A later study showed that evaporative con-
centration of water based on a reported analysis of pore water from Yucca Mountain resulted in a cal-
cium chloride-type brine. *’ Geochemical literature establishes the three types of brines that result from
the evaporative concentration of dilute natural waters at the earth’s surface: (1) calcium chloride brine,
(2) carbonate brine, and (3) sulfate brine. ' It is important to note that the compositions of brines are
dependent on relative humidity, and the dominant ions in solution can and do change as a function of
relative humidity. > A range of environments has been projected to form within the repository due to
water seepage. ° These water compositions have been grouped in bins or “water composition catego-
ries”. The conditional probability (if seepage occurs at the drift crown for any particular location) that a
type of water in a particular bin will form is also identified. ® For each bin, the associated brine and test
solution in which corrosion testing was conducted are listed. ® In terms of brine type, the drift crown
brines are predominantly the alkaline carbonate brines, although carbonate may not be a dominant com-
ponent except at higher relative humidity. The composition of each bin water as a function of tempera-
ture and relative humidity is also documented. >° In addition to the seepage water brine types, the deli-
quescence of dust deposited on the waste packages and drip shields is another means by which brines
can form on these engineered barrier system components. The associated brine types due to deliques-
cence of dust and the corresponding aqueous corrosion test solutions are also documented.

Table 1 shows the composition of some of the solutions used for corrosion testing. '’ These solutions
were developed based on the evaporative concentration of a carbonate-based water with a composition
based on J-13 well water, which is a saturated zone water near Yucca Mountain. The solutions repre-
sent various stages of evaporative concentration of this type of water. These aqueous solution composi-
tions are concentrated to about 10 times (for SDW) to over 45,000 times (for SSW and BSW) to simu-
late evaporative concentration of the water upon contacting the waste package or the drip shield (Table
1). Other test solutions evaluated included NaCl solutions where NaCl concentrations varied from 0.5
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to 4.0 molar; and CaCl, and CaCl, + Ca(NOs), test solutions with CaCl, concentrations up to 9 molar. In
all cases, the NO; component is the most soluble species and would dominate the solution composition
at the deliquescent relative humidity or eutectic point of a mineral assemblage at elevated temperatures.
The SSW and sodium chloride test solutions simulate the moderate relative humidity scenario where
calcium is a minor component in the aqueous solution.

Corrosion test solutions corresponding to carbonate type of brine listed in Table 1 include the simulated
dilute water (SDW), simulated concentrated water (SCW), basic saturated water (BSW), and under cer-
tain circumstances, the SSW and simulated acidified water (SAW). The BSW test solution is a highly
concentrated alkaline solution and could be expected under repository conditions where temperatures
could be at its measured boiling point of nominally 112°C to 113°C or where the relative humidity is
nominally 70 to 75 percent. The SCW test solution is a moderately concentrated alkaline solution; solu-
tions in this concentration range could be expected to form for relative humidity in the range of 90 to 95
percent. The SDW test solution is a dilute alkaline solution; solutions in this concentration range could
be expected to form for high relative humidity (greater than 99 percent). These may have characteristics
of solutions at the drift wall, that is, typical of seepage waters. Under conditions of extreme evaporative
concentration (i.e., low relative humidity) the carbonate brine would evolve into a CI -NO; brine with
low carbonate content. The SSW test solution has characteristics of this type of brine. Likewise the
SAW test solution has characteristics of low carbonate brine and would have characteristics of solutions
in equilibrium with relative humidity of nominally 90 percent. The calcium and magnesium content of
the SAW test solution tends to make it more able to sustain lower pH values due to the hydrolysis prop-
erties of these cations.

Corrosion test solutions corresponding to sulfate type of brine include the SAW, SSW, and sodium chlo-
ride. This type of brine has near neutral to slightly acidic pH and contains added magnesium which is
not expected to be present in actual seepage waters to any significant extent. The SAW test solutions
have characteristics of solutions in equilibrium with nominally 90 percent relative humidity. The SSW
has characteristics of water that have undergone evaporative concentration to the extent that sulfate pre-
cipitates out of solution (this is for the magnesium free situation). Sodium chloride test solutions simu-
late the scenario where CI is the dominant anion under moderate relative humidity conditions.

WASTE PACKAGE MATERIALS SELECTION

The current design in Yucca Mountain Project for the waste package is based upon double-wall con-
struction. '* The inner wall, made of Type 316 stainless steel with controls on carbon and nitrogen levels
(equivalent to Type 316 Nuclear Grade), serves as a structural support. The corrosion-resistant waste
package outer barrier is constructed from Alloy 22 (UNS N06022), a high-performance nickel-based al-
loy. Solution heat treatment of the as fabricated disposal container is used to remove fabrication-related
residual tensile stress. ' After the waste package is filled with high-level radioactive waste or spent nu-
clear fuel, the stainless steel cylinder is sealed and two closure lids made of Alloy 22 will be remotely
welded to the container outer shell by gas tungsten arc welding. Because residual weld stress at the clo-
sure welds might initiate stress corrosion cracking (SCC), a post-weld stress mitigation process will be
used to reduce the tensile stress in the outer surface, thereby eliminating the stress initiator. The base-
line stress mitigation process is laser shock peening. Figure 3 (a) shows a schematic illustration of the
current design of the waste package.

Alloy 22 consists of 20.0 to 22.5 percent chromium, 12.5 to 14.5 percent molybdenum, 2.0 to 6.0 per-
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cent iron, 2.5 to 3.5 percent tungsten, 2.5 percent (max.) cobalt, 0.015 percent (max.) carbon, and bal-
ance nickel. '* Other elements present include phosphorus, silicon, sulfur, and manganese. The local-
ized corrosion resistance of Alloy 22 is due to the additions of molybdenum and tungsten, both stabilize
the passive film at low pH. '> The oxides of these elements are insoluble at low pH. Consequently, Al-
loy 22 is highly resistant to localized attack. Very high repassivation potentials have been observed by
some investigators, '® while others have found very low corrosion rates in simulated crevice solutions
containing 10 weight percent FeCls. '” Furthermore, no localized attack of Alloy 22 has been observed
in creviced specimens exposed to water compositions representative of most of those expected in the re-
pository (Table 1).

The titanium alloy drip shield is used to prevent seepage water, as well as rocks, from directly imping-
ing on the waste package as schematically shown in Figure 3(b). The drip shield will be installed in the
stress-relieved condition, following emplacement of the waste packages in the drifts. The stress relief
treatment is used to reduce fabrication-related tensile stress below the SCC initiation threshold. The drip
shields will be fabricated using titanium alloys containing small palladium additions to provide corro-
sion resistance in the anticipated post-closure drift environment. Ti Grade 7 (UNS R52400), an alpha-
phase alloy, was selected for the plate material, which will be supported using higher strength welded
ribs and bulkheads made from Ti Grade 24 (UNS R56405) (or Ti Grade 29 (UNS R56404), an alpha-
beta alloy. '® Similar to Alloy 22, based on laboratory test results, literature, and model predictions,
these titanium alloys are expected to provide a high level of resistance to the various potential corrosion-
related degradation modes, including localized corrosion and hydrogen-induced cracking.

Systematic interactions between the in-drift environment and the drip shield and waste package outer
barrier result in the occurrence of various degradation modes. * These degradation modes are shown
schematically in Figure 4. Each of the degradation modes shown in Figure 4 is operable to varying de-
grees, depending upon the temperature regime (Figure 2). For instance, in the pre-closure regime, the
walls of the drifts will be kept dry by ventilation air, and no significant degradation of the waste pack-
ages is expected. In the post-closure dryout regime where temperature is greater than or equal to the
boiling point of seepage water, potentially relevant high-temperature modes of degradation include dry
oxidation and corrosion underneath deliquescent brines. In the transition regime where temperature is
approximately the boiling point range of seepage water, seepage waters could concentrate on the waste
package through evaporation if the drip shield were to fail. The potential modes of attack in these con-
centrated brines include uniform general corrosion, localized corrosion, stress corrosion cracking (SCC),
hydrogen induced cracking (HIC) and other forms of degradation. Under the repository environmental
conditions, microbially influenced corrosion (MIC) and radiation-assisted corrosion may also occur. It
should be noted that not every degradation mode represented in Figure 4 may occur on either the waste
package or the drip shield in the repository. For instance, the drip shield material (Ti Grade 7) is not
subject to localized corrosion or MIC). In addition to these scenarios, other possible events that could
lead to failure include seismic and volcanic activity. These scenarios are not discussed in this paper but
examined elsewhere. '

DEGRADATION OF WASTE PACKAGE OUTER BARRIER
Aging and Phase Stability of Alloy 22
Alloy 22 is a meta-stable austenitic alloy, where secondary complex phases can be precipitated at high

temperature. These topologically close packed (TCP) phases (P, 6, and p) are rich in those elements re-
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sponsible for the exceptional corrosion resistance of Alloy 22. Therefore, precipitation of the second
phases may cause depletion of the passivating elements in close proximity to the precipitates. Such de-
pleted, localized areas may be more susceptible to corrosion than areas where no precipitation has oc-
curred. Furthermore, these precipitates may deteriorate the mechanical properties of the alloy. In addi-
tion to the higher temperature complex phases, long-range ordering can occur at somewhat lower tem-
peratures and could potentially negatively affect the SCC susceptibility.

YMP studies have included the use of multi-component phase diagrams and time temperature-
transformation diagrams together with experimental kinetic measurements as well as calculations of the
rate at which deleterious phases (precipitates and long-range ordering) form at time-temperature combi-
nations relevant to the repository. The studies and analyses show insignificant precipitation and long
range ordering for the Alloy 22 under both mill-annealed and as-welded conditions during the 10,000
year simulation period, as long as the temperature is kept below 200°C (or 300°C for shorter times). *'
The studies conservatively assume that the precipitation mechanisms that operate at higher temperatures
also operated at much lower temperatures, and that the phases seen at the higher temperatures are also
stable at the lower temperatures. Information from josephinite, a nickel-iron inter-metallic mineral
phase that has been proposed as a natural analog for Alloy 22, shows the stability of metallic phases af-
ter exposure over millions of years. This is fully consistent with model predictions and experimental
observations of no low temperature mechanism with rates significantly greater than those predicted at
lower temperatures. This observation provides confidence in the implicit assumption that the high tem-
perature mechanisms used to extrapolate kinetics are the same as those that occur at lower temperatures
(approaching expected repository conditions).

The YMP model predictions and extrapolation of higher temperature results to lower temperatures show
that formation of TCP or ordered phases in Alloy 22 base metal and annealed welds will not occur dur-
ing a repository regulatory period well beyond 10,000 years. Further, analysis shows that TCP and
long-range ordering phases would not form even for the unlikely case of early steady-state drift collapse
(acting like backfill), where the waste package temperature could potentially increase to peak tempera-
tures of about 300°C, but for only relatively shorter times, decades to centuries. On this basis, neither
the waste package outer barrier base metal nor weld metal is subject to enhanced degradation due to the
effects of thermal aging. ** Therefore, the thermal aging process as a degradation mode is excluded from
the total system performance assessment (TSPA) modeling in YMP.

Structure and Properties of the Passive Film on Alloy 22

The low general corrosion rates and localized corrosion resistance of Alloy 22 depends on the long-term
stability of a thin but adherent passive film. The passive film formed under aqueous condition has a
stratified structure of at least two layers. 2>**** The passive film consists of an inner layer of oxide,
which acts as a barrier layer to corrosion and an outer layer of hydroxide or oxy-hydroxide, which plays
the role of an exchange layer. ° In general, the chemical composition and thickness of passive films de-
pend on the nature of the metal, the pH of the electrolyte in which the metal is passivated, and the elec-
trochemical potential. 2***° For nickel, which can passivate in solutions over a wide range of pH, the
passive film is generally composed of Ni*" cations with an inner layer of NiO and an outer layer of
Ni(OH),. ** The barrier layers on Fe-Cr and Ni-Cr alloys are primarily chromium oxide (Cr,Os), but
typically contain significant amounts of other metal species, such as Ni**, Fe*" | and Fe’" ions. *° Passive
films are generally not electronic conductors, but rather semiconductors or insulators. The passive film
on chromium containing alloys is normally n type in electronic character because the dominant defect in
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the film is either a cation interstitial or an oxygen vacancy, both of which are formally positively
charged. *’

The passive film formed on nickel can be crystalline, ** with the size and shape of the crystallites chang-
ing with applied potential. The passive oxide film formed on chromium can have a structure with oxide
nano-crystals cemented together by the chromium hydroxide outer layer, yielding an extremely protec-
tive passive film. * As summarized in the literature, >*** the inner barrier layer of the passive film
forms by the generation of oxygen vacancies at the metal—film interface, balanced in the steady state by
dissolution of the barrier layer at the barrier layer—outer layer interface. The outer layer forms via the
hydrolysis and precipitation of cations transmitted through the barrier layer or by hydrolytic restructur-
ing of the barrier layer—outer layer interface. While both layers may incorporate alloying elements from
the alloy substrate, only the outer layer incorporates species from the solution. The barrier layer grows
into the substrate, whereas the outer layer grows outwards into the solution. ****** Thus, while the
growth of the inner barrier layer is due to the generation of oxygen vacancies at the metal-barrier layer
interface, the growth of the outer layer is commonly due to the transmission of cations through the bar-
rier layer, either through cation vacancies or as cation interstitials, and their eventual emission at the
barrier layer—outer layer interface. The outer layer may also form via hydrolytic restructuring of the
barrier layer at the barrier layer—outer layer interface. ***** Molybdenum (Mo) reduces the rate of an-
odic dissolution in the active state. >> Mo atoms tend to locate preferentially at local defects on the sur-
face, which normally act as dissolution sites, and may decrease the dissolution rate by strengthening
metal-metal bonds. » Mo also counteracts the deleterious effect of species, such as sulfur, which can
cause grain-boundary attack. Molybdenum bonds to sulfur and then dissolves mitigating the detrimental
effects of sulfur. *°

The point defect model (PDM) has been shown to account for the impact of Mo on the pitting resistance
of 18Cr-8Ni stainless steels. >’ Highly oxidized Mo ions present substitutionally in the inner barrier
layer form immobile, positively charged centers. Substitution of Mo®" into a chromium cation vacancy
produces an immobile species with an effective +3 charge. These immobile species interact electrostati-
cally with the mobile, negatively charged cation vacancies (with an effective —3 charge), the condensa-
tion of which at the metal—film interface is responsible for passivity breakdown. **** This solute va-
cancy interaction reduces the free cation vacancy concentration and diffusivity, which results in a posi-
tive shift 215n the breakdown voltage and a lengthening of the induction time for passive film breakdown
to occur.

Dry Oxidation

Dry oxidation of the waste package outer barrier occurs at any relative humidity below that at which a
stable water film capable of supporting corrosion reactions is formed. ** Dry oxidation results in the
formation of an adherent, protective oxide film of uniform thickness. The rate of dry oxidation is gener-
ally limited by mass transport. Measurements of the thickness of the Alloy 22 oxide film exposed to air
at 550°C showed that the oxide film approaches a limiting thickness of about 0.025 to 0.050 um (25 to
50 nm) after about one-year of exposure. Dry oxidation is traditionally described by a parabolic rate law
with an Arrhenius temperature dependence **

Ea
X=A-gRt"” (Equation 1)

where x is the oxide thickness at time t, Ea is the activation energy, T is the absolute temperature in Kel-
vin, A is a constant and R is the universal gas constant. A bounding analysis of the data for dry oxida-
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tion of several alloys presented by Welsch et al. leads to estimates of A and Ea of 18 mm/s"? and -

239 kJ/mol, respectively. *° For a temperature of 550°C, an oxide thickness of about 0.26 mm is pre-
dicted after an exposure of 10,000 years. Clearly dry oxidation is not a performance limiting process in
the repository.

General Corrosion

As the thermal heat output from the radioactive waste decays with time, concentrated brines could form
on the waste package surface either from evaporative concentration of dust leachates or, in case the drip
shield is breached, the seepage water. > In either case, hygroscopic salts may form on the waste package
surface due to evaporative concentration of the leachate or the seepage water. Such hygroscopic salts
enable aqueous solutions to exist as thin water films at relative humidity values below 100 percent. *°
Creviced geometries could form between the waste package surface and structural components or min-
eral deposits from evaporative concentration processes. For this reason, the general corrosion and local-
ized corrosion models are based for the most part on data from creviced specimens.

The general corrosion model for the Alloy 22 waste package outer barrier uses a rate distribution deter-
mined from weight-loss measurements of Alloy 22 creviced specimens that were exposed for over 5
years in a wide range of multi-ionic solutions at the project’s Long Term Corrosion Test Facility (open
circles in Figure 5) and a temperature dependence developed from shorter-term polarization resistance
measurements. >> The general corrosion rate is conservatively assumed to be constant for a given tem-
perature, knowing that the general corrosion rate of metals and alloys tends to decrease with time. The
measured general corrosion general corrosion rates are fit to a Weibull distribution with a scale factor of
8.88 nm/yr and a shape factor of 1.62 (the location parameter is set to zero). A plot of this Weibull dis-
tribution is shown in Figure 5 (the solid line fit the open circles). Arrhenius activation energy of about
26 £ 2.5 kJ/mol is determined from the polarization resistance data. Plots of the upper and lower bound
(corresponding to the +36 and -3¢ values of the activation energy) general corrosion rate distributions at
25°C (red solid lines) and 125°C (green solid lines) are shown in Figure 5. 2

Localized Corrosion

The localized corrosion model is for the most part based on data from creviced specimens. ** This is a
conservative treatment because localized corrosion initiation thresholds for crevice corrosion (i.e., criti-
cal chemistry and temperature) are lower than for pitting corrosion. Localized corrosion of Alloy 22 ini-
tiates when the open-circuit corrosion potential (Ecoy) is equal to or greater than a critical potential
(Erit), 1.e., AE (= Egrit - Ecorr) < 0. 31,32,33.34.3536.37 The repassivation potential (where the forward scan
crosses the reverse scan) from cyclic potentiodynamic polarization (CPP) experiments is used as Eit.
Since creviced specimens were used, the critical potential is properly referred to as the crevice repas-
sivation potential, E; ¢rey.

In the model, Eqr and Ei; are functions of temperature, pH, chloride ion concentration, and nitrate ion
concentration. The competing effects of chloride and nitrate ions on the crevice repassivation potential
is represented with the ratio of the ion concentrations. E; .y is defined as the sum of the crevice repas-

sivation potential in solutions without NO3" ions ( Eﬁ e 1N Eq. 2) and the crevice repassivation potential

change resulting from the addition of NO; ions (AE  Eq. 3). 2>

r,crev

E e =8, +a,T +a,pH +a, log([Cl"]) +a,T log([CI ]) (Eq. 2)

r,crev
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AEN”: =D, +bl[No;]+b2@ (Eq. 3)

r,crev
Cl ]

The coefficients values and their £1 standard deviation in Eq. 2 and Eq. 3 were determined to be: ap =
214.089 + 46.880, a; = -3.696 £+ 0.476, a, = 25.284 + 5.641, a3 = -252.181 £ 53.912, and a4 = 1.414 +
0.547 and by = 22.589 +24.113, b; = 33.748 £ 5.180, and b, = 749.745 + 95.491.

The corrosion potential (Ecorr) of Alloy 22 was found to increase over time in agreement with other stud-
jes, 22333839 Therefore, only E.. data with immersion times of 328 days and longer were used to de-
velop the model. The functional form used to represent E. is shown below:

Eor =C, +C,T +C,pH +cC; [CI - ]+ c, log(%l\lm—of_[]} (Eq. 4)

The coefficients values and their +1 standard deviation in Eq. 4 were determined to be: ¢y = 558.283 +
36.156, ¢; = 0.677 £ 0.413, ¢c» = -65.338 £ 2.456, ¢c; =-7.616 + 1.581, and ¢4 = 37.077 £ 2.443.

Equations 2, 3 and 4 can be used to plot the values of Eit and Eqr and determine according to the
model described by these equations when localized corrosion could be possible in certain conditions for
example of temperature and chloride concentration. Whenever E., is higher than E; localized corro-
sion is predicted to occur. If E; is always higher than E localized corrosion is not possible according
to the model.

The effect of pH on crevice corrosion initiation temperature is shown in Figure 6 for 10 molal (m,
moles/kg water) chloride ion solutions. At pH 7 and low nitrate ion concentration (0.5 m) shown in Fig-
ure 6(a), crevice corrosion can initiate at temperatures as low as 50°C, although initiation is improbable.
The median temperature estimate is about 80°C. ** For a higher nitrate ion concentration (2.5 m) shown
in Figure 6(b), crevice corrosion is not likely to initiate even at temperatures as high as 120°C. At pH 3
and low nitrate ion concentration (0.5 m) shown in Figure 6(c), localized corrosion can initiate at ambi-
ent temperatures. For a higher nitrate ion concentration (5 m) shown in Figure 6(d), crevice corrosion
can initiate at temperatures as low as 90°C, although initiation is improbable. The median temperature
estimate is about 110°C. *

Stress Corrosion Cracking (SCC)

SCC can occur when an appropriate combination of material susceptibility, tensile stress, and environ-
ment is present. >* In the case of Alloy 22 waste package outer barrier, SCC will possibly occur in the
regions around the closure welds because the residual stress in the area cannot be relieved by processes
such as bulk annealing, which could possibly damage the waste form. * The residual stresses in all other
areas of the drip shield and waste package outer barrier can be fully stress relieved by proper solution
annealing. The effect of rock fall on the waste package is excluded from consideration because of the
protection provided by the drip shield.

The YMP waste package outer barrier SCC model, '* which is based on the slip dissolution mechanism,

4041 assumes that crack growth can initiate at any surface defect (e.g., a grain boundary junction, scratch,
and flaws introduced by the welding process) that can generate a positive stress intensity factor above
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the threshold. A threshold stress, below which SCC will not initiate on a "smooth" *° surface of 90% of
the yield strength is used for initiation of these types of cracks.

The slip dissolution model is used to calculate the crack propagation rate, V, as a function of the local
exposure environment (represented by parameter n for the repassivation rate at the crack tip) and the
stress intensity factor, Kj: 40,41

V=AK,) (Eq. 5)

where V is in mm/s and K; in MPa (m)l/ 2. This equation is also used to develop a threshold stress inten-
sity factor, Kiscc, defined as the Ky, which results in a crack growth rate equal to the general corrosion

rate. Parameters A and n in the above equation are related to the repassivation rate, n, as follows:
A=78x107n*(4.1x10™ (Eq. 6)

n=4n (Eq.7)

The hoop stress, which drives radially oriented cracks, is the dominant stress component in the waste
package closure weld region. "> The hoop stress as a function of depth (x in mm) is given by a third or-
der polynomial equation. The hoop stress state was also determined to vary with angle (0) around the
circumference of the waste package closure-lid welds. '* Figure 7 shows the hoop stresses of as-welded
and laser peening stress mitigated outer lids. Figure 7 shows that stress mitigation imparts compressive
stresses to the metal to a depth of approximately 3-4 mm.

The repassivation rate (slope), n, is determined for Alloy 22 from Equation 6 based on crack growth
rates measured under constant load conditions at various levels of applied stress intensity factor, K. >
The test data were developed from three Alloy 22 compact tension specimens tested at 110°C in a con-
centrated mixed salt environment representative of repository chemical environments. ** A crack
growth rate of 10" mm/s is used to represent the point where crack growth ceases. The mean value of
the repassivation slope, n, and the standard deviation are 1.304 and 0.160, respectively. The lower and
upper bounds of n, based upon 2 standard deviations (+2c), are 0.984 to 1.624, respectively.

Figure 8 shows the crack-growth rate as a function of stress intensity factor and for bounding values of
the repassivation slope. Several crack growth curves are shown in the figure: the lower bound (n equal
to 0.984), the mean (n equal to 1.304), and the upper bound (n equal to 1.624) for Alloy 22. "° It also in-
dicates a crack growth rate dependency for the mean value for stainless steel (n equal to 0.54). In com-
parison to stainless steel, Alloy 22 has much higher resistance to SCC.

An effective approach to eliminate or delay the onset of SCC is to implement a post welding stress miti-
gation process to reduce residual tensile stresses below threshold values for SCC initiation and growth.
The closure of the waste package outer barrier is designed to include two Alloy 22 lids (outer and mid-
dle). The outer closure lid weld region is laser-peened ** (or potentially mitigated by controlled plastic-
ity burnishing) while the middle closure lid weld is untreated. Laser peening and controlled plasticity
burnishing result in the formation of a compressive surface layer and thus delay the onset of SCC until
this compressive layer is removed by general corrosion.

10/06619



Hydrogen-Induced Cracking (HIC)

Hydrogen generated at cathodic sites in a corroding metal may be absorbed into the metal and poten-
tially form hydride phases. Hydrogen incorporation could lead to degradation of the mechanical proper-
ties of the material and render it susceptible to cracking even in the absence of the formation of hydride
phases. Hydrogen-induced cracking results from the combined action of hydrogen and residual or sus-
tained applied tensile stresses. The extremely low corrosion rates exhibited by nickel alloys are not suf-
ficient to generate enough hydrogen to cause hydrogen-induced cracking. ** Fully annealed nickel-base
alloys, such as Alloy 22, are essentially immune to hydrogen-induced cracking. *° For instance, Ni-Cr-
Mo alloys with compositions and properties similar to Alloy 22 such as Alloys C-276 (UNS N10276),
C-4, and Alloy 625 (UNS N06625) maintain their resistance to hydrogen-induced cracking even when
heavily cold worked to yield strengths in excess of 1,240 MPa (180 ksi). ** Cold-worked Ni-Cr-Mo al-
loys are not susceptible to hydrogen-induced cracking unless they are galvanically coupled to a less no-
ble material (or subjected to imposed cathodic current) and strained beyond yield. ***® The further im-
provement in resistance to HIC of Alloy 22 is by annealing, but it is at the cost of reduction in strength.
However, the structural requirements of the waste packages at Yucca Mountain are such that strengthen-
ing of the alloys is not required, ** since the structural requirements for the waste package are satisfied
by the Type 316 stainless steel inner shell.

Aging of Ni-Cr-Mo alloys at temperatures around 500°C can lead to ordering or grain boundary segre-
gation of deleterious elements such as phosphorous and sulfur, which may increase susceptibility to hy-
drogen-induced cracking. ** However, Asphahani tested cold worked (60 percent cold swaged) and aged
(500°C for 100 hours) samples of Alloy C-276 at applied stresses up to 92% of yield and cathodic cur-
rent densities of 40 mA/cm?. No effect on HIC was found. *° Therefore, the scenario that the waste
package outer barrier material fails due to the uptake of hydrogen and the formation of metal hydrides
that may mechanically weaken the waste packages can be ruled out. ¥/

Effects of Gamma Radiolysis

The effects of radiation on waste package materials corrosion differ depending on the amount of liquid
present on their surfaces (i.e., humid air or aqueous conditions). Under humid air conditions, a thin film
of liquid that may contain trace constituents (e.g., dissolved gases) forms. Irradiation of these films
could lead to acidic conditions and to enhanced corrosion. Under aqueous conditions, anodic shifts in
the open-circuit potential of stainless steel in gamma-irradiated solutions due to the formation of hydro-
gen peroxide have been experimentally observed. ***** Note that Glass et al. ** and Kim *° worked on
stainless steels, rather than Alloy 22, the latter being significantly more corrosion resistant. Although
there is little information available in the literature on the effects of radiation on Alloy 22, some data are
available on the corrosion of Alloy C-4, which is compositionally similar to Alloy 22. Gamma irradia-
tion in aggressive MgCl, brines showed that below approximately 100 rad/hr, irradiation has no observ-
able influence on the corrosion behavior of Alloy C-4. No enhancement of general corrosion and no pit-
ting or crevice corrosion are observed in the material at these dose rates. '

Calculations of the expected radiation levels at the surface of the waste package have been performed. >
For a bounding case waste package containing 21 PWR spent nuclear fuel assemblies (80 GWd/MTU
burnup and 5-year decay), the maximum surface radiation level was calculated to be about 1,170 rad/hr
at the outer surface of the waste package shell and 1,650 rad/hr at the bottom lid of the shell. These val-
ues are at the time of emplacement. During the ventilation period of 50 years, no aqueous or humid air
environment and therefore, no radiolysis is expected. After 50 years, the maxi-mum surface radiation
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level decreases to levels of less than 100 rad/hr for the outer surface and 80 rad/hr for the bottom lid and
decrease steadily with time. > Note that these are bounding radiation levels for the highest burnup spent
nuclear fuel and are well below the levels at which some effect of radiation has been observed. There-
fore, the effects of radiolysis on corrosion performance of Alloy 22 will not be significant under reposi-
tory relevant conditions.

Effect of Microbial Activity (MIC)

Microbially Influenced Corrosion (MIC) is the contribution to the corrosion rate of a metal or alloy by
the presence or activity, or both, of microorganisms. ** Microorganisms can affect the corrosion behav-
ior of an alloy either by acting directly on the metal or through their metabolic products. For example,
some types of aerobic bacteria may produce sulfuric acid by oxidizing reduced forms of sulfur (elemen-
tal, sulfide, sulfite), and certain fungi transform organic matter into organic acids. >> The waste package
outer barrier is potentially subject to microbially influenced corrosion (MIC) when the relative humidity
at the waste package surface is equal to or greater than 90 percent. *> The effect of MIC is represented
by an enhancement to the abiotic general corrosion rate. ** It has been observed that nickel-based alloys
such as Alloy 22 are relatively resistant to MIC. >

There are no standard tests designed specifically to investigate the susceptibility of an engineering alloy
to MIC. > One commonly used type of evaluation to determine the MIC factor is to test the alloy of in-
terest in situ (field) using the same variables as for the intended application. However, testing in the
laboratory with live organisms can provide more controlled conditions of various environmental vari-
ables, and sterile controls can be incorporated to better assess MIC specific effects. °® This approach was
used in the YMP to evaluate the microbiological processes on general corrosion of the waste package
outer barrier, with the effect of MIC being described as:

CRuic =CRy - fuic (Eq. 8)

where CRyc is the general corrosion rate in the presence of microorganisms, CRy is the general corro-
sion rate of the alloy in the absence of MIC, and fyc is the MIC factor. If fyc is greater than 1, there is
an enhancement of the corrosion rate of the alloy as a consequence of the presence or activity of micro-
organisms. The project results obtained with polarization resistance measurements showed that MIC can
enhance corrosion rates of Alloy 22 by a factor of at most two. It is assumed that the MIC factor fyyc is
uniformly distributed between 1 and 2, and that this distribution is totally due to uncertainty. >

Other environmental factors that could affect bacterial growth include temperature and radiation. These
factors, however, are closely coupled to relative humidity; as temperature and radiation decrease in the
repository, relative humidity is predicted to increase. At the same time, while there are some types of
microorganisms that can survive elevated temperatures (less than or equal to 120°C) and high radiation
doses, if there is no available water, then bacterial activity is completely prevented. Thus, because wa-
ter availability during the thermal pulse is the primary limiting factor and this factor is coupled to other
less critical limiting factors, water availability (as expressed by relative humidity) was used as the pri-
mary gauge of microbial activity.

Effects of Fluoride and Bromide Ions
The effect of fluoride (F") and bromide (Br’) ions on the corrosion behavior of Alloy 22 has not been as

extensively investigated as the effect of chloride (CI') ions. >’ There is no significant difference in pas-

12/06619



sive current densities for Alloy 22 in 1 M NaCl (pH 6) and 1 M NaF (pH 9) at 50°C but the breakdown
potential was found significantly lower in NaF, presumably due to the difference in the pH of the elec-
trolytes. °*> The specimens did not suffer either pitting or crevice corrosion in either electrolytes even
after polarization to potentials higher than 800 mV (SCE). *** No pitting or crevice corrosion was ob-
served on Alloy 22 in 1 M NaF at pHs 6, 7.3 and 9 under both mill annealed and thermally aged condi-
tions, the latter was performed to create conditions of full aging with TCP phases (10 h at 760°C) and
long range ordering (LRO or 1000 h at 538°C). In a recent study it was found that, in sufficient quanti-
ties, fluoride ions may also act as an inhibitor for the crevice corrosion of Alloy 22 in hot chloride solu-
tions, probably because HF is a weaker acid than HCI and therefore the pH inside the crevices is not as
low when fluoride ions are present in the electrolyte. ®°

In cyclic potentiodynamic polarization (CPP) tests carried out in 1 M NaCl and 1 M NaBr solutions at
50°C, a slightly higher repassivation potential was reported for MA Alloy 22 in the bromide solution
than in the chloride solution although both solutions had a similar pH of approximately 6. ®' Under these
tested conditions, neither pitting nor crevice corrosion was observed.

Corrosion Underneath Deliquescent Brines

At a given surface temperature, the existence of liquid water on the waste package surface depends upon
the hygroscopic nature of any salt and mineral deposits on the surface. In the presence of such deposits,
a thin liquid-phase surface brine film can be established at a higher temperature and lower relative hu-
midity than otherwise possible. The chemistry—temperature—relative humidity stability range of this lig-
uid phase brine film is modeled in the YMP. ¢ Environmental thermogravimetric analysis has also been
used to study the corrosion of waste package material (Alloy 22) underneath deliquescent brines, and the
evolution of acid gas due to the thermal decomposition of those brines. > The subsequent weight loss is
due to chemical transformations that are occurring in the aqueous solutions due to volatilization of HCI.
The accompanying pH increase causes precipitation of calcium containing species with the loss of the
aqueous phase. Because of its lower corrosion resistance, Alloy 825 (UNS N08825) was tested in paral-
lel with Alloy 22 to provide insight into localized modes of attack that might occur under deliquescent
brine films. While substantial attack on Alloy 825 is evident, Alloy 22 has been shown to be resistant to
localized attack under aggressive CaCl, type deliquescent brines at 150°C and 22.5 percent relative hu-
midity, suggesting there is no evidence of localized corrosion of Alloy 22 due to deliquescence. *

In more recent analysis it has been shown that it is likely that less than 10% of the dust collected on the
waste package is going to be soluble salts. ® The salts in the dust will be mostly NaCl and KNO; with
smaller amounts of NaNO; and Ca(NOs),. 83 Mixtures of these salts may deliquesce at temperatures on
the order of 160°C. ®* Even though if an aqueous solution forms by deliquescence of dust salts, the ratio
of nitrate to chloride in the thin brine is going to be higher than 0.4. A ratio of nitrate to chloride higher
than 0.4 may be sufficient for inhibition of crevice corrosion. **®° If a layer of brine forms, it may react
to degas especially HCI and to a lesser extent HNOs. ® Moreover, if the aqueous solution persists, its
volume may not be sufficient to initiate and sustain localized corrosion. ©
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SUMMARY

1. Alloy 22 (UNS N06022) is the material selected for the outer shell of the nuclear waste container
for the Yucca Mountain repository.

2. Several modes of degradation for Alloy 22 are considered, including general corrosion, localized
corrosion and stress corrosion cracking.

3. General Corrosion is not a limiting factor since the corrosion rates in the electrolytes simulating
concentrated ground water are extremely low.

4. Localized corrosion may be the most detrimental mode of environmental degradation; however it

is expected that the brines that may form at the site will be rich in nitrate and other compounds,
which is an inhibitor for localized corrosion.

5. Alloy 22 is highly resistant to stress corrosion cracking; however, its occurrence will be limited
since tensile stresses are planned to be removed from the outer surface of the container before
emplacement.

6. Dust deliquescence may form concentrated brines at temperatures in the order of 160°C. Accord-

ing to the composition and volume of the deliquescent brines, they may not be detrimental for
the performance of the container.
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TABLE 1
TARGET COMPOSITION OF STANDARD TEST MEDIA BASED ON EVAPORATIVE CON-

CENTRATION OF A DILUTE CARBONATE TYPE WATER (J-13)

SDW SCW SAW SSW BSW-12
Ion (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
K" 3.4 x 10 3.4 x10° 3.4 x10° 1.42 x 10° 6.762 x 10*
Na® 4.09 x 10? 4.09 x 10* 3.769 x 104  4.87 x 10* | 1.0584 x 10°
Mg 1 <1 1.00 x 10° 0 0
Ca™’ 5x 107! <1 1.00 x 10° 0 0
F 1.4 x 10" 1.4 x 10° 0 0 1.47 x 10°
ClI 6.7 x 10" 6.7 x 10° 2.425x 104 1.28x10° | 1.3083 x 10°
NO;~ 6.4 x 10 6.4 x 10° 230 x10*| 1.313x10° | 1.3965 x 10°
SO 1.67 x 10? 1.67 x 10* 3.86 x 10* 0 1.47 x 10*
HCO;5 9.47 x 10? 7.0 x 10* 0 0
Si0; (aq.) 27 (60°C) 27 (60°C) 27 (60°C) 0

49 (90°C) 49 (90°C) 49 (90°C)

pH 9.8 to 10.2 9.8 to 10.2 2.7 55107 12
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FIGURE 1 - Components of the Yucca Mountain Repository
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(a) All waste packages
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FIGURE 2 - Waste package temperature and relative humidity ranges: (a) for all waste packages in the
nominal scenario and (b) for the “hottest” waste package in the low-probability seismic collapsed drift
scenario
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FIGURE 3 - Schematic Illustrations of Current Designs of the (a) Waste Package and (b) Drip Shield in
the Yucca Mountain Repository
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FIGURE 5 - General Corrosion Rates Distributions for Waste Package Outer Shell
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FIGURE 6 — Model results as a function of temperature for 10 m chloride solutions. In (a) pH = 7 and
nitrate ion concentration is 0.5 m and in (b) pH = 7 and nitrate ion concentration is 2.5 m. In (¢) pH =3

and nitrate ion concentration is 0.5 m and in (d) pH = 3 and nitrate ion concentration is 5 m.
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FIGURE 8 - Predicted crack-growth rate for the SCC of Alloy 22 as a function of stress intensity factor
for bounding values of the repassivation slope, n
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